). Because it is thought that these natural cell deaths result from the execution of an active, gene-directed cell suicide program, the process of apoptosis is also referred to as programmed cell death (PCD). Strong support for this concept has come from genetic studies in the nematode Caenorhabditis elegans, where a large number of mutations affecting specific aspects of PCD have been isolated and ordered into a genetic pathway [for review, see Ellis et al. 1991; Hengartner and Horvitz 1994a, b). In particular, three genes, ced-3, ced-4, and ced-9, have been shown to control the onset of all somatic PCDs in the nematode. Interestingly, two of these genes, ced-3 and ced-9, have mammalian homologs that are believed to play a similar function during apoptosis. The ced-3 gene is homologous to a family of cysteine proteases that includes interleukin-l[3 converting enzyme, and ced-9 is a member of the bcl-2 family (Yuan et al. 1993; Hengartner and Horvitz 1994c; Wang et al. 1994) . Moreover, expression of human Bcl-2 can suppress some PCD in C. elegans and can partially Present addresses: ~University
substitute for the loss of ced-9 function (Vaux et al. 1992; Hengartner and Horvitz 1994c} . Therefore, at least some components of the cell death pathway have been conserved throughout evolution. This idea is also supported by reports that the baculovirus p35 gene can inhibit PCD in insects, nematodes, and mammalian neurons (Rabizadeh et al. 1993; Clem and Miller 1994; Hay et al. 1994; Sugimoto et al. 1994) . However, despite considerable progress in identifying cell death genes, the molecular basis of apoptosis remains unknown. In addition, it is not clear how the death program is only activated in those cells that should be eliminated. Recent work on PCD in Drosophila indicates that this system may offer powerful new approaches for advancing our understanding in these areas.
In Drosophila, as in vertebrates, the induction of cell death depends on a variety of distinct signals, such as hormones, diffusible survival factors, intercellular interactions, ionizing radiation, and other cellular damage (see e.g., Fischbach and Technau 1984; Meyertholen et al. 1987; Steller et al. 1987; Bryant 1988; Magrassi and Lawrence 1988; Kimura and Truman 1990; Wolff and Ready 1991; Campos et al. 1992; Truman et al. 1992 ; for review, see . Cell deaths in Drosophila display many of the morphological and biochemical hallmarks of mammalian apoptosis (Bryant 1988; Abrams et al. 1993; Robinow et al. 1994; . A number of mutations have been isolated that affect PCD in specific cells or tissues (see, e.g., Fristrom 1969; Wolff and Ready 1991; Abrams 1993; Bonini et al. 1993; Cheyette et al. 1994) . More recently, a large fraction of the Drosophila genome has been systematically surveyed for genes that are required for PCD by analyzing the pattern of cell death in embryos homozygous for previously isolated chromosomal deletions . In this screen a single region on the third chromosome has been identified which is required for all PCDs that normally occur in the Drosophila embryo. Deletions in chromosomal region 75C1,2, such as Df(3L)H99 (abbreviated H99), block virtually all PCD in response to several distinct death-inducing signals. Molecular analysis of this region has led to the identification of a gene, reaper (rpr), which appears to play a central control function for the induction of apoptosis in Drosophila . Expression of rpr is sufficient to restore PCD to H99 mutant embryos, and reaper mRNA appears to be specifically expressed in cells that are destined to die. However, these results did not exclude the possible existence of another, functionally redundant cell death gene in this interval. In this paper, we present evidence that a second gene in the H99 interval, head involution defective (hid) , has a similar role in PCD as rpr. We find that hid mutants have reduced levels of apoptosis and show that expression of a hid cDNA under the control of the hsp70 heat shock promoter is sufficient for the rapid and widespread induction of apoptosis in both wild-type and H99 mutant embryos. Furthermore, ectopic expression of hid in the developing retina results in eye ablation. This phenotype can be completely suppresed by coexpression of the baculovirus p35 protein, which has been shown previously to suppress apoptosis in multiple contexts (Rabizadeh et al. 1993; Sugimoto et al. 1994; Clem and Miller 1994; Hay et al. 1994) . The ability of hid to kill cells is independent of rpr function, and both genes appear to act at the same step in the cell death pathway. Interestingly, we find some limited amino acid similarity between the deduced polypeptide sequences of hid and rpr, suggesting that the overall functional similarities between both genes may extend to the molecular level. Our results indicate that hid and rpr represent parallel functions for the induction of PCD in Drosophila.
Results

Genetic analysis of chromosomal region 75C1,2
We have reported previously that the genomic region included in H99, corresponding to polytene chromosome bands 75C1,2, is required for PCD . Embryos homozygous for H99 lack all PCD that is normally induced in response to various death-inducing signals. To identify single gene mutations in this interval we performed a standard F2 chemical mutagenesis for mutations that produced either lethal or visible phenotypes in combination with the H99 deficiency (see Materials and methods). We isolated five alleles corresponding to only a single complementation group, and none of these alleles was fully cell-death defective. One possible explanation for our failure to isolate single-gene mutants lacking PCD within the H99 interval is the presence of multiple cell death genes with overlapping function. In this case, inactivation of any one gene would be insufficient to completely abolish apoptosis. All five alleles isolated in our screen failed to complement mutations in the hid locus identified previously (Abbott and Lengyel 1991) and displayed significantly reduced viability, hid mutants have a pronounced defect in the morphogenetic movements of head involution but otherwise develop an overall normally segmented cuticle and reach advanced embryonic stages (Abbott and Lengyel 1991) . Because head involution is associated with extensive cell death, we considered the possibility that the hid phenotype results from decreased levels of PCD.
hid mutant embryos have decreased levels of PCD and extra cells in the head region
We analyzed the pattern of cell death in hid embryos using the TUNEL technique (Gavrieli et al. 1992) . This method labels the nuclei of dying cells by allowing in situ detection of the DNA fragmentation that occurs during apoptosis. Because of the need to use parents heterozygous for the hid mutation, only 25% of all embryos will be homozygous mutant (see Materials and methods). Therefore, it was important to distinguish hidembryos from their siblings to unequivocally determine whether hid mutants have reduced levels of PCD. For this purpose, we combined the TUNEL labeling with an in situ hybridization protocol. Using an allele of hid, hid wR+xl, which does not express hid mRNA (see below), we were able to identify hid-embryos based on their lack of an in situ hybridization signal (see Materials and methods). Wild-type control embryos used for comparison were taken through the same procedure, except that no hid hybridization probe was included, as the in situ hybridization signal can obscure the TUNEL labeling.
We found that there was less apoptosis in hid mutants when compared to wild type. There was a general decrease in TUNEL labeling throughout the hid embryos, and this phenotype was most noticeable in the head region prior to completion of head involution (Fig. 1 ). This result is consistent with the striking defects in head morphogenesis, which result, in part, from a failure of the dorsal fold to migrate anteriorly in hid mutants (Abbott and Lengyel 1991; M.E. Grether and H. Steller, in prep.) . It is possible that these morphogenetic defects result from the decrease of PCD in this region.
We have reported previously that H99 embryos contain many additional cells in the nervous system . Using an antibody against Kriippel (Gaul et al. 1987) , we found that hid mutant embryos have extra cells in the head region, in particular, extra larval photoreceptor cells (Fig. 2) . Wild-type embryos have an average of 9.3 Krfippel + cells per photoreceptor cluster (n = 60 clusters) and never > 13 cells in a single cluster. In contrast, in hid mutants we found an average of 15 cells per cluster (n = 156 clusters), and occasionally as many as 20 or more cells in a single cluster (n = 17) . This increase in cell number is consistent with the observation that hid mutants had decreased amounts of cell death in the head region. In addition, we have also observed extra cells in the abdominal segments of hid mutants using an anti-engraiIed antibody (Patel et al. 1989 ; data not shown). Taken together, these results indicate that hid function is required for the normal pattern of PCD in the Drosophila embryo.
Molecular characterization of the hid locus
We have speculated previously that the H99 interval may contain more than one functionally redundant cell death genes, one of which is rpr White et al. 1994) . The finding that hid has reduced levels of PCD is consistent with the idea that hid may function in the control of apoptosis. One prediction of this model is that hid expression should be sufficient to restore PCD to cell death defective H99 embryos. To test this prediction, we deceided to clone the hid gene. For this purpose, we extended the chromosomal walk of Segraves and Hogness (1991) to include all the D N A encompassed by the H99 deficiency and looked for the presence of transcripts derived from this region (see Materials and methods). In addition to rpr, we identified only three other transcription units that gave reproducible signals by Northern analysis. One of these corresponds to hid {see below). The embryonic expression pattern of the two other transcripts, as determined by in situ hybridization, showed no obvious correlation with the pattern of cell death in the Drosophila embryo. The unusually low density of transcripts in this region is consistent with the paucity of mutations producing a lethal or visible phenotype.
The molecular isolation of the hid locus was facilitated by the availability of a lethal P-element insertion, 1(3)05014, in the 75C1,2 interval (Karpen and Spradling Figure 2 . hid mutant embryos have extra cells in the larval photoreceptor organ. Dorsal view of embryos stained with antiKrtippel antibody to visualize the cells of the larval photoreceptor organ (Gaul et al. 1987 
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Cold Spring Harbor Laboratory Press on January 25, 2013 -Published by genesdev.cshlp.org Downloaded from 1992; Berkeley Drosophila Genome Project, pets. comm.). We found that 1(3)05014 fails to complement hid. To determine whether the P-element insertion causes the hid mutation, we mobilized the 05014 P element (see Materials and methods). We obtained many independent reversion events, indicating that the P-element insertion is responsible for the hid phenotype. DNA flanking the 05014 P-element insertion was cloned by plasmid rescue and mapped with respect to the chromosomal walk (see Materials and methods). These sequences hybridized to a single transcript of -4.2 kb on Northern blots containing embryonic RNA. Several cDNA clones corresponding to this transcript were isolated from an eye disc cDNA library. The longest clone, 5A1, had an insert of 3.9 kb and contained an open reading frame (ORF) of 410 amino acids (see below). This clone was used for all further analyses.
The 5A1 cDNA was mapped to genomic clones in the interval to determine the genomic structure of this locus in wild-type and several hid alleles (Fig. 3A) . A number of mutant alleles had chromosomal rearrangements that either broke within or deleted this transcription unit (Fig. 3A) . One of these mutations, hid wR+xl, deletes the 5' end of this gene and completely abolishes its transcript, as determined by in situ hybridization. This allowed us to identify hid mutant embryos in the aforementioned TUNEL experiments. We also sequenced the coding region and intron/exon boundaries of several independently isolated hid alleles (Table 1 ; Fig. 3B ). This analysis revealed that the 05014 P element has inserted into the ORF between amino acids 105 and 106, thereby disrupting the putative coding sequence. No detectable P-element sequences remained in two independent reversion chromosomes that had been generated by mobilization of the 05014 P element, restoring the ORF in the 5A1 transcript. In contrast, two chromosomes where the 05014 P element had excised without restoring hid function had residual insertions of 38 and 40 bp of P-element DNA that failed to restore the 5A10RF (Table 1) . Finally, five of eight chemically induced alleles were associated with nucleotide changes that either introduced premature stop codons, missense mutations, or mutated a splice donor sequence (see Table 1 ). Taken together, these results demonstrate that the 5A1 transcript is essential for hid + function. Therefore, we refer to it from now on as the 5A1 hid cDNA.
The sequence of the 5A 1 cDNA is presented in Figure  3B . The longest ORF predicts a translation product of 410 amino acids with a deduced relative molecular mass of 43 kD. There are multiple translational stops in all three reading frames upstream of the relevant AUG start codon. The carboxy-terminal half of the predicted protein is fairly rich in charged residues, and the protein as a whole is relatively basic (predicted pI= 8.27). Hydropathy analysis shows that the predicted protein is fairly hydrophilic, with no hydrophobic regions of sufficient length to serve as either signal sequences or transmembrane domains. Analysis using BLAST and FASTA sequence comparison algorithms revealed no significant similarities with nucleotide or amino acid sequences reported previously, hid does, however, have limited sequence similarity to the rpr gene (Fig. 3C ). This is most striking in the first 11 amino acids, 6 of which are identical and 4 of which are conserved substitutions between hid and rpr. Also, in this block of amino acids there is the highest degree of identity between the rpr genes of Drosophila melanogaster and a distantly related species, Drosophila virilis (M.E. Grether, R. Jespersen, and H. Steller, unpubl.) .
Expression of hid is sufficient to induce cell death in H99 embryos
To determine whether hid functions in PCD, we wanted to examine whether hid expression is capable of restoring apoptosis in H99 embryos, which are deficient for both hid and rpr. Initially, we used a genomic cosmid clone containing the transcribed region of hid to generate germ-line transformants but failed to rescue hid mutants (data not shown). Presumably, this cosmid lacked 5' sequences required for hid expression. Unfortunately, the large size of the hid transcription unit (Fig. 3A) prohibits the use of cosmids that contain additional regulatory sequences and makes it technically impractical to use genomic DNA for rescue experiments. Therefore, we decided to examine the consequences of hid cDNA expression on PCD. For this purpose, we generated germ- All hid alleles for which polymorphisms were identified by sequencing are shown 1(3)05014 is a P-element insertion, and 40C and 8D were generated by imprecise excision of this insertion. A22, A206, and A329 were generated by Abbott and Lengye111991). A206 and A329 are derived from the same parental chromosome (ru h th ri e). A22 was induced on a distinct parental chromosome (red e). ML66 was generated in this study on the st e parental chromosome. The wild-type chromosomes sequences were derived from Canton-S and st e flies. None of the polymorphisms identified in the hid mutants was shared with either wild-type chromosome.
line transformants expressing the 5A1 hid cDNA under the control of the hspTO heat shock promoter (P[w; hshid]}. When H99 embryos carrying the hs-hid construct were heat shocked, we observed very high levels of PCD within 2 hr upon heat shock induction (Fig. 4) . These deaths appeared to occur by apoptosis, as judged by both acridine orange staining and TUNEL. No significant induction of PCD was observed in transformants without a heat shock, or in control embryos that were heat shocked but lacked the hs-hid transgene (data not shown). Furthermore, ectopic expression of several developmental control genes under the hsp70 promoter, such as hs-disco {A. Campos and H. Steller, unpubl.) , hs-engrailed (Poole and Komberg 1988) , or hs-hedgehog {Tabata and Kornberg 1994), all failed to induce PCD in H99 embryos (data not shown). The only other construct that had a similar ability to induce apoptosis under these experimental conditions was a hs-rpr transgene K. White and H. Steller, unpubl .}. These results provide strong support for the idea that hid functions in PCD.
The hs-hid transgene also induces ectopic cell death in wild-type embryos following heat shock. The cell death induced by the hs-hid transgene is lethal to wildtype embryos, and a single heat pulse during embryogenesis kills all flies bearing the hs-hid construct {data not shownl. We considered the possibility that the ability of hid to activate PCD is enhanced by the presence of rpr. To test this idea, the amount of hs-hid induced cell death in a wild-type and an H99/H99 genetic background was compared. No reproducible differences between H99 and wild-type embryos were detected, indicating that the ability of hid to kill is not significantly augmented by the presence of an endogenous rpr gene. We also used in situ hybridization to examine whether hs-hid-induced apoptosis in a wild-type background would lead to rpr mRNA expression. This point deserved some attention, because rpr is normally expressed in all cells that will undergo apoptosis. However, the embryonic pattern of rpr mRNA was not significantly affected by ectopic expression of hid, even under conditions where large numbers of cells were dying {data not shown). We conclude that the induction of PCD by hid occurs independently of rpr.
Cold Spring Harbor Laboratory Press on January 25, 2013 -Published by genesdev.cshlp.org Downloaded from Figure 4 . Patterns of cell death in heat-shocked wild-type, H99, and hs-hid embryos. Lateral views of 10-to 14-hr-old embryos stained with acridine orange to visualize apoptosis. All embryos were subjected to an identical heat shock regimen (see Materials and methods). Each brightly staining small dot represents a dead or dying cell or cell fragment. (A) Cell death in a heat shocked wild-type embryo. Following heat shock, the pattern of cell death in wild-type embryos is still characteristically patterned and virtually undistinguishable from the pattern of cell death seen in non-heat-shocked wild-type embryos. The large brightly stained area in the center of the embryo is the yolk. (B) Cell death in a heat-shocked H99 embryo. Heat shock alone cannot induce cell death in the fully cell-death-defective H99 mutant embryos. Other than the yolk, which can be seen to autofluoresce, there is a conspicuous lack of any acridine orange staining in this heat-shocked H99 embryo. {C-F) Embryos from a collection of either hs-hid4; H99/TM3 (C,D) or hs-hid2; H99/ TM3 {E,F) flies. Following heat shock, all embryos carting the hs-hid transgene (here, examples from two independent transgenic lines are shown) have significantly more cell death than wild type (cf. A). In addition, the heat-shocked hs-hid embryos display abnormal morphology and fail to develop properly. Equivalent levels of cell death are induced in both heat-shocked wild-type and heat-shocked H99 mutant embryos when both carry the hs-hid transgene. Bar, 50 ~m.
hid m R N A is expressed in many regions where cell death occurs
The distribution of hid mRNA in embryos was determined using whole-mount in situ hybridization with digoxygenin-labeled RNA probes. We found that the pattern of hid expression is highly dynamic and complex throughout embryogenesis. Significantly, hid is expressed in many regions where cell death occurs (Fig.  5A-F) . For example, in stage 11 embryos, we found both acridine orange staining and hid mRNA hybridization in the head and gnathal segments, as well as segmentally repeated throughout the extended germ band (Fig. 5A, B) . In slightly older embryos undergoing early stages of head involution, we observed a correspondence between the patterns of cell death and hid mRNA expression, particularly in the head (Fig. 5C-F) . We also found evidence of hid expression within macrophages, apparently confined to cell corpses that have been engulfed (Fig. 5G, H) .
Although there is significant overlap between the patterns of hid expression and acridine orange staining, these patterns are not entirely coincident. For example, hid mRNA is found throughout the entire optic lobe primordium, but only some of these cells undergo apoptosis (Fig. 5E, F) . It is possible that post-translational control mechanisms restrict the production of active Hid protein to a subset of cells expressing hid RNA. Alternatively, not all cells may be equally sensitive to the amount of hid expression (see Discussion). In addition, although there is considerable cell death in the ventral nerve cord during late embryogenesis (Abrams et al. 1993) , little or no hid expression can be detected at this time (not shown). Perhaps hid is not required for these deaths; alternatively, hid may be expressed in the ventral nerve cord below our level of detection.
Ectopic expression of hid driven by an eye-specific promoter results in eye ablation
If hid expression is sufficient to induce PCD, it should be possible to use hid to kill tissues that normally live. To test this possibility we used a tissue-specific promoter to direct expression of hid to the developing Drosophila eye. The compound eye is particularly well suited for this type of study because it is a nonessential tissue, and its different cell types and their mode of development have been characterized extensively. The hid cDNA was placed under the control of an eye-specific regulatory element in the pGMR transformation vector {Hay et al. 1994) , and the resulting construct, pGMR-hid, was used to generate germ-line transformants.
Transformants carrying a single copy of pGMR-hid displayed a dramatic eye ablation phenotype (Fig. 6) . Normally, compound eyes consist of -8 0 0 regular units, called ommatidia, each of which consists of several distinct cell types (Fig. 6A) . In pGMR-hid transformants, only undifferentiated cuticle and a dense band of bristles remained in the places normally occupied by the compound eyes (Fig. 6B ). It appears that these bristles represent the mechanosensory bristles normally found at the corner of each ommatidium. Apparently, these cells are less susceptible to hid-induced death. However, the number of these cells is severely reduced in transformants that are homozygous for the pGMR-hid transgene, indicating that their survival is sensitive to the dosage of hid expression. It is possible that the hid transgene is expressed only weakly in bristle precursors. Alternatively, bristle cells may be better protected against hid-induced PCD. Interestingly, a very similar phenotype is obtained upon expression of rpr in the developing retina (K. White and H. Steller, unpubl.) . Significantly, the hid-induced eye phenotype is completely suppressed by coexpression of the baculovirus p35 gene (Fig. 6D) , which has been shown previously to inhibit PCD (Hay et al. 1994; Clem and Miller 1994; Rabizadeh et al. 1993; Sugimoto et al. 1994) . Flies expressing both hid and p35 in the retina have an eye morphology that is very similar to transformants for p35 alone (Fig. 6C ). This indicates that hid expression in the retina leads specifically to the induction of PCD but otherwise does not interfere with eye development. This result also suggests that protective functions, like p35, operate genetically downstream of hid.
Ectopic expression of hid in the developing retina appears to have no detrimental effects outside the visual system. Transformants that are homozygous for the pGMR-hid transgene have no other detectable phenotypes and are viable and fertile. In addition, the ability of hid to kill appears to be cell autonomous, at least on a global level, because mosaic animals expressing hid in only a portion of the retina have morphologically normal sectors of the eye abutting the ablated portions (J. Agapite and H. Steller, unpubl.) . This indicates that tissue-specific expression of hid may represent an efficient tool for the ablation of specific cell types in Drosophila.
Finally, as discussed below, the dosage sensitivity of the eye phenotype in pGMR-hid transformants suggests a powerful new genetic screen for isolating cell death genes in Drosophila.
D i s c u s s i o n hid is sufficient for the induction of PCD
Deletions of chromosomal region 75C1,2, including H99, protect against the induction of PCD in response to m a n y different death-inducing signals. Previous work has implicated one gene in this interval, rpr as a central control function for the induction of apoptosis in Drosophila ). However, this earlier work did not exclude the possible existence of another cell death gene in this interval. We examined the D N A encompassed by the H99 deficiency for other transcription units that might also serve cell death functions. The results from this study strongly support a model in which the hid gene encodes another cell death function in 75C1,2 that acts at the same step in apoptosis as rpr. To our knowledge, hid and rpr are the only cell death genes in the H99 interval.
Mutations in the hid gene lead to reduced levels of cell death and the presence of extra cells, most notably in the head region of the Drosophila embryo, hid mutant embryos also have a striking inability to retract the head into the thoracic region, a process called head involution (Abbott and Lengyel 1991 In wild-type flies (A), the compound eye is composed of regularly spaced ommatidia with mechanosensory bristles protruding from each ommatidium. In pGMR-hid transformants (B), no ommatidial units are visible and undifferentiated cuticle and bristles fill the space normally occupied by ommatidia. These bristles are likely to be the mechanosensory bristles normally found at the comer of each ommatidium. The presence of a single copy of the pGMR-p35 transgene restores the ommatidia that are slightly disorganized (D). A similar disorganization is seen in flies expressing p35 alone (C, see also Hay et al. 1991) , apparently because of the suppression of cell death that normally occurs during retinal development (Wolff and Ready 1991; Hay et al. 1994 ). Bar, 100 ~m. of PCD during imaginal development. The wings of hid adult flies of all ages are opaque and resemble the wings of newly eclosed wild-type adults (data not shown). In wild-type flies, immediately prior to and after eclosion, all of the cells in the wing intervein regions die and the wing flattens into what is essentially two cuticular sheets (Johnson and Milner 1987) . It is possible that the wings of old hid flies remain opaque because of a failure of the intevein cells to undergo PCD.
Strong evidence for a role of hid in PCD comes from the observation that hid expression is sufficient to induce high levels of cell death in H99 embryos. Expression of a hid cDNA under the control of the heat-induc-
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In addition, H99 protects significantly against PCD induced by ionizing radiation, and the amount of apoptosis induced by hid far exceeds the levels that can be caused by X-rays. Therefore, we do not expect the misexpression of developmentally important genes to induce PCD in H99 embryos. This notion has received direct experimental support, as we did not detect any significant levels of PCD in H99 embryos upon ectopic expression of three such genes, engrailed, disco, and hedgehog. Furthermore, within the time course of our experiments, ectopic expression of these genes failed to induce ectopic PCD even in wild-type embryos. We conclude that the ability of hs-hid to induce PCD in these experiments reflects a direct and normal function of hid in apoptosis and is not attributable to indirect effects on development. Because the H99 deletion includes the rpr gene, the ability of hid to kill in an H99 mutant background must be independent from rpr function. However, it remained possible that hid would activate rpr expression in wildtype embryos, and/or that rpr and hid act synergistically.
Our results indicate that neither of these possibilities is correct. In situ hybridization experiments demonstrate that the pattern of rpr m R N A is not significantly altered by ectopic hid expression. Therefore, rpr does not need to be expressed during the activation of PCD induced by hid. In contrast, rpr expression is turned on by every
other death-inducing stimulus tested to date. We also see no synergism between rpr and hid, because the ability of ks-hid and pGMR-hid to kill is not significantly affected by the presence of an endogenous rpr gene or rpr transgenes {data not shown). This suggests that hid and rpr encode functions that act in parallel to induce PCD.
We have also tested the ability of hid to kill cells that would normally survive by directing its expression to the developing retina. A single copy of a transgene that ex- mental conflict created by the misexpression of hid and provides strong evidence for a direct role of hid in the activation of PCD. The one cell type that largely escapes hid-mediated cell killing is the mechanosensory bristle of the compound eye. It is possible that these cells express relatively low levels of the transgene. Alternatively, these cells may either contain high levels of a negative regulator of PCD or low amounts of a cell death promoting factor acting downstream of hid. Interestingly, the survival of bristles appears to be sensitive to the dosage of hid, as their number is significantly reduced in animals containing two copies of the transgene. This dosage sensitivity may provide a powerful assay for identifying relatively subtle changes in the efficiency of PCD in Drosophila (see below).
The hid gene
Several lines of evidence confirm that we have molecularly identified the hid gene. The 05014 P-element insertion behaves as an allele of hid, and reversions of this allele were always associated with precise excision events. In contrast, imprecise excision of the P element did not restore hid function. The 05014 P element is inserted within the longest ORF contained in the 4.2-kb hid RNA, between amino acids 105 and 106 of the putative Hid protein. In addition, one chemically and two X-ray-induced hid alleles were found to abolish or alter expression of the 4.2-kb hid transcript. Finally, four hid alleles were associated with single-nucleotide changes in the Hid ORF (Table 1) . Two of these mutations introduce stop codons and are predicted to result in premature translational termination of the Hid protein. Taken together, these results demonstrate that the ORF encoded at this locus is required for hid function.
Conceptual translation of the hid amino acid sequence reveals that hid encodes a novel 410-amino-acid protein that is fairly basic and contains a high number of charged residues. There is no indication that hid is secreted, as it does not contain any obvious signal sequences. The expected intracellular localization of the Hid protein is also consistent with its apparent cell-autonomous function in PCD. Hid contains several potential phosphorylation sites, indicating that it may be subject to post-translational modification. Interestingly, we find some limited sequence similarity between the amino-termini of the Hid and Rpr proteins (Fig. 3C) . Given the overall functional correspondence of both genes, it is possible that this small block of similarity between Hid and Rpr has mechanistic significance. Consistent with this idea is the observation that the amino terminus of Rpr has been highly conserved between different Drosophila species. Furthermore, the two hid alleles that contain stop codons at amino acids 274 and 300, respectively, are weak mutations, suggesting that a significant amount of hid function is encoded in the amino-terminal part of the protein.
Models for the role of hid in apoptosis
The decision of whether a cell lives or undergoes apoptosis is determined by the interplay of both death-promoting and death-protective functions. Current evidence suggests that most, if not all, animal cells constitutively express all of the proteins necessary to execute the cell death program (Raff 1993; Jacobson et al. 1994 ). However, it appears that the inadvertant activation of cell death machinery is prevented by negative regulators of cell death, such as ced-9/Bcl-2 family members (Vaux et al. 1988; Hengartner et al. 1992; Boise et al. 1993; Oltvai et al. 1993; Hengartner and Horvitz 1994c) . What are the genes involved in triggering the activation of the apoptotic program? We have proposed previously that rpr is a global regulator of PCD . The results from this study suggest that hid serves a similar function for the induction of PCD in Drosophila. We have strong reasons to believe that hid and rpr do not encode death effector proteins. When H99 embryos are irradiated with very high doses of X-rays, some cell death can be induced . Significantly, the morphology of the few cell deaths that are observed under these circumstances is indistinguishable from apoptosis seen in wild-type embryos. This suggests that the basic cell death machinery is present in H99 embryos but fails to be efficiently activated in the absence of hid and rpr.
The functions of hid and rpr appear to be at least partially redundant, as mutations in hid do not completely block PCD, and expression of either gene alone is sufficient to induce apoptosis in H99 embryos. The ability of hid to cause cell death in the absence of endogenous rpr and rpr to cause cell death in the absence of endogenous hid argues that neither gene acts through the other but, rather, that they act in parallel pathways or in parallel branches of a common pathway. Consistent with this idea, we did not find changes in the pattern of rpr mRNA expression in hid embryos (data not shown). Similarly, we could not detect changes in the pattern or levels of rpr expression in hs-hid embryos following heat shock, nor did we find alterations in hid expression in hs-rpr embryos (data not shown). Finally, we have also been unable to obtain any evidence for synergism between rpr and hid in animals containing both the hs-rpr and hs-hid or the pGMR-rpr and pGMR-hid transgenes.
In the Drosophila embryo, hid RNA is generally found in regions where cell death occurs. However, despite these striking correlations, there are also clear discrepancies between the pattern of PCD and hid mRNA distribution. Overall, hid RNA expression tends to be more widespread than the amount of cell death normally observed. This is in contrast to rpr, which appears to be selectively expressed in all cells that are destined to undergo apoptosis. There are several possible explanations for this discrepancy. Most notably, the production of active Hid may be subject to post-transcriptional modifications, such as translational regulation or post-translational modifications. Alternatively, different cells may express different amounts of protective functions and may therefore vary in their sensitivity to the amount of hid expression required to induce PCD. Finally, it is possible that certain cells have insufficient amounts of death-promoting functions that act downstream from
hid. In any case, it is clear that overexpression of hid can largely override any normally operating regulatory mechanisms, as shown by the increased levels of PCD in hs-hid embryos, and the ability of pGMR-hid to ablate the compound eye. In these instances, high levels of hid expression may conceivably titrate out protective functions or bypass the need for auxiliary factors. The biochemical mechanism by which hid activates apoptosis remains to determined. It is possible that Hid activates downstream targets that promote apoptosis, which may include ced-3/ICE or ced-4-1ike proteins (Yuan and Horvitz 1992; Yuan et al. 1993; Wang et al. 1994) . Alternatively, Hid may block the action of negative regulators of cell death, such as Bcl-2/ced-9 family members. The fact that p35 expression can suppress hid-induced cell death indicates that hid acts genetically upstream of deathinhibiting functions like p35.
The ability of hid to rapidly induce apoptosis indicates that this gene may be used for targeted cell ablation in Drosophila. Methods developed previously that rely on the expression of toxin genes have found only limited use in Drosophila because of the considerable lag between toxin expression and cell killing, and because of the difficulties in restricting toxic effects to the targeted cells (Kunes and Steller 1991; Bellen et al. 1992; Moffat et al. 1992; discussed in Steller 1993) . The use of hid instead of toxin genes may largely overcome these limitations. First, hid expression leads to the rapid onset of PCD, apparently as quickly as 1 hr. Second, it appears that hid needs to be expressed above a critical threshold to induce PCD, because we have not seen detrimental effects in hs-hid transformants raised at 29~ This threshold effect should greatly help restrict the specificity of ablation to the targeted cell type or tissue. By using the GAL4 system of Brand and Perrimon (1993) , one may be able to ablate given tissues of interest with considerable facility. Because widespread expression of hid causes organismal lethality, the hs-hid transgene can also be used to select against offspring bearing specific chromosomes. Apparently, this method produces fewer escapers than when dominant temperature sensitive mutations are used for this purpose (L. Moore and R. Lehmann, pers. comm.) .
Finally, pGMR-hid transformants may provide a powerful assay for identifying mutations in other cell death genes. Because the severity of the eye ablation phenotype is dosage-sensitive, relatively subtle changes in the level of PCD are expected to alter the eye phenotype. By screening for dominant genetic modifiers of pGMR-hid, it should be possible to isolate mutations in cell death genes acting downstream of hid. A similar strategy has been highly successful for defining a genetic pathway for cell fate determination in the Drosophila eye (Simon et al. 1991; Gaul et al. 1992; Brunner et al. 1994) . Therefore, we expect that the pGMR-hid transformants will greatly facilitate the elucidation of a genetic pathway for apoptosis in Drosophila. Because hid-induced cell death can be blocked by p35, and because p35 expression can protect against PCD in several other systems (Rabizadeh et al. 1993; Sugimoto et al. 1994; Clem and Miller 1994; Hay et al. 1994) , we expect that at least some of the genes in this pathway have been conserved in evolution.
Materials and methods
Drosophila stocks
Df(3L) H99, hid A22, hid A2~ hid A329, hid Hsg, In(3L) hid wR+xl hidWa+al, and hid wa+E4 were obtained from M. Abbott and J. Lengyel. 1(3) 05014 (Karpen and Spradling 1992; Berkeley Drosophila Genome Project, pers. comm.) was provided by A. Spradling. hid 4~ and hid 8D were generated by excision of the 05014 P element (see below). X14, X20, and X25 were generated by White et al. (1994) . The wild-type strain used was Canton-S. All genetic symbols are described in Lindsley and Zimm {1992).
Isolation of single gene mutations in 75C1,2
Males of the genotype st e were allowed to feed on a solution of 0.4 mg/ml of ENU with 1% sucrose for 24 hr. Mutagenized males were crossed en masse to virgin Sb H/TM2 females. Individual *st e/Sb H males were then crossed to WR4/TM3Sb females, and their progeny were scored for visible mutations uncovered by WR4 and for lack of *st e/WR4 individuals, indicating the presence of a recessive lethal mutation when in combination with the WR4 chromosome. Candidates for mutations in 75C1,2 were then tested for lethality or segregation of the visible phenotype by crossing them to WRIO flies. Approximately 23,000 mutagenized third chromosomes were screened, and we identified five chromosomes that were lethal in combination with both WR4 and WRIO. These mutations were determined to be hid alleles by standard complementation analysis. When placed in trans to existing hid alleles, significant lethality was observed. Some escapers were also recovered, which then displayed the characteristic adult hid phenotypes (Abbott and Lengyel 1991) . st e and Sb H/TM2 stocks were provided by R. Lehmann, Massachusetts Institute of Technology, Cambridge. WR4 and WRIO are genomic deficiencies that uncover 75C1,2 (Segraves and Hogness 1990) and were provided by the Indiana Stock Center. The H99 deficiency is entirely internal to the overlap defined by the deficiencies WR4 and WRIO .
Excision of the 05014 insertion
The 05014 P element was mobilized using A2-3{99B), a genomic source of P transposase (Robertson et al. 1988) . Excision chromosomes were identified by loss of the rosy + ry + marker. Reversion of the hid phenotype was scored by placing each excision chromosome in trans to H99. Forty-five percent of all excision events resulted in reversion of the hid phenotype.
Histological methods
Embryos were staged according to Campos-Ortega and Hartenstein (1985) . Whole-mount in situ hybridizations and TUNEL/ in situ hybridization were performed as described in White et al. (1994) . The probe used was generated by in vitro transcription of the antisense strand of the 5A1 eDNA clone according to the protocol of the Boehringer RNA labeling kit. No hybridization with this probe was detected in embryos homozygous for 75C1,2 deficiencies. For TUNEL/hid mRNA double labelings, WR +X1/H99 and Canton-S embryos were collected and aged until they were 8-13.5 hr old at 25~ (stages 12-15). It is during this time that head involution occurs. The hid and Canton-S embryos were treated identically except that no hid mRNA Cold Spring Harbor Laboratory Press on January 25, 2013 -Published by genesdev.cshlp.org Downloaded from probe was added to the Canton-S embryos. In a parallel experiment, Canton-S embryos were labeled with the hid probe to control for uniformity of labeling. Approximately 25% of the embryos from the hid egg collection did not label with the hid mRNA, confirming our expectation that these embryos were hid mutants. In contrast, 100% of Canton-S (wild-type) embryos taken through the in situ hybridization procedure in parallel did label with the hid mRNA. Because the amount of cell death in wild-type embryos changes considerably during development (Abrams et al. 1993) , care was taken to ensure that patterns of cell death were compared between closely aged matched hid and wild-type embryos. Embryos were determined to be the same age by examining gut morphology, avoiding the problems associated with staging hid embryos by head morphology. To examine rpr expression in WR + XI embryos, pools of WR + X1/H99 embryos were hybridized with both hid and rpr mRNA probes. The patterns of hid and rpr mRNA expression are sufficiently distinct to allow identification of embryos which hybridized with the rpr probe but not the hid probe. Those embryos were assumed to be genotypically hid and were examined for alterations in rpr expression as compared to wildtype embryos that had been probed with rpr alone.
Krfippel staining was done as described in Gaul et al. (1987) . Embryos were aged to 12-17 hr old (stages 15-17), by which time head involution is complete in wild-type embryos, hid embryos were identified as those in which head involution had failed. The alleles examined were WR + XI (average number of cells per cluster = 13.6, n 42), A206 (average number of cells per cluster=13.9, n=32), X14/H99 (average number of cells per cluster=17.5, n=36), and WR+X1/H99 (average number of cells per cluster = 15.2, n = 46). Extra Kriippel-positive cells were also found in WR +E6, H89, and 05014/H99 embryos, but systematic large-scale counts were not done on these samples.
Acridine orange staining was performed as in Abrams et al. (1993) .
Identification of transcripts in H99
Genomic DNA in the H99 interval was cloned by chromosomal walking using standard techniques (Sambrook et al. 1989 ). This DNA was probed with cDNA prepared from embryonic RNA to identify putative transcription units. Northern analysis was used to confirm the presence of transcribed sequences. Four transcripts were identified that gave reproducible Northern signals. One corresponded to rpr, and another to hid. The embryonic expression pattern of all four transcripts was determined by in situ hybridization.
Plasmid rescue of genomic DNA flanking the 05014 insertion
Molecular biological techniques were performed by standard procedures (Sambrook et al. 1989) . Rescue of genomic sequences was performed basically as described in Steller and Pirrotta (1986) . For plasmid rescue, genomic DNA from flies carrying the 05014 insertion was digested to completion with KpnI. Approximately 13 kb of genomic DNA flanking the site of insertion was recovered and mapped to a chromosomal walk in 75C (Segraves and Hogness 1990; Grether 1994) by Southern hybridization.
Isolation and sequencing of the 5A1 cDNA
The 8-kb EcoRI restriction fragment from phage 3506 (Segraves and Hogness 1990 ) was used to screen an eye disc cDNA library in kgtl0 (constructed by A. Cowman). One clone, clone 5A1 was isolated, which was longer than 2 kb. The cDNA insert was subcloned into the EcoRI site of the pBluescript II SK + (Stratagene) cloning vector. Series of nested deletions for both strands of the eDNA were generated according to manufacturer's instructions using the Exo/Mung deletion kit (Stratagene). Sequencing of double-stranded DNA was carried out using Sequenase (U.S Biochemical Corp,) according to the manufacturer's instructions. Both strands were sequenced. Gaps in the series of nested deletions were filled by sequencing using oligonucleotide primers derived from the cDNA sequence determined previously. Determination of intron/exon boundaries and confirmation of the 5A1 sequence were done by sequencing portions of phage clones corresponding to the genomir hid locus. Sequencing of the genomic hid locus was done using [~/-33P]ATPlabeled oligonucleotide primers and the Circumvent sequencing kit (New England Biolabs) according to the manufacturer's instructions.
Sequencing of the hid alleles
Flies of each allele to be sequenced were crossed to H99. When possible, DNA was isolated from adult flies of the genotype hid~H99. If no adults emerged from the cross, embryos with head involution defects were culled for DNA preparation. DNA was prepared as described in Ashbumer (1989) . Fragments corresponding to each coding exon of the hid locus were amplified by the polymerase chain reaction (PCR). The primers used for amplification are as follows: exon 1, 5'-GTGCCAACAAAGT-GCA-3' and 5'-AATGGATATCCTGATTAACCCACAC-3'; exon 2, 5'-GATTTTCTTATTATGTGCCAACTGT-3' and 5'-TGATTTGATTTGCACCACCCAGGC-3'; exon 3, 5'-TC-CAAGTCAACCGTCTATATGT-3' and 5'-TTGTGCATTC-CAAGATTGGTGGCC-3'; and exon 4, 5'-TTAAGATTTGC-CTTCACGTGCACC-3' and 5'-AACTAAGTTTAGATCGG-3'. For each PCR reaction, -50 ng of genomic DNA was used as template. A standard 50qzl PCR reaction was set up according to protocols of Perkin-Elmer Cetus. Annealing temperatures for each set of primers are as follows: exon 1, 52~ exon 2, 56~ exon 3, 60~ exon 4, 50~ Cycling profiles for all amplifications were as follows: 1 cycle for 1 min at 94~ followed by 30 cycles of 1 min at 94~ 2 min at the annealing temperature, 2 min 15 sec at 72~ with 2 sec added per cycle. This was followed by 10 min at 72~ Fifty percent of each reaction was loaded onto a 1% SeaPlaque GTG grade (FMC) low melting agarose gel in 1 x TAE. Bands of the appropriate size were excised from the gel and diluted two-to threefold with water. Five microliters of this was used as sequencing template. Sequencing was done using [~/-33p]ATP-labeled oligonucleotide primers and the Circumvent sequencing kit (New England Biolabs). For each polymorphism identified, a second, independent PCR reaction was performed and the allele resequenced.
Construction of the hs-hid transgene, genomic transformation, and phenotypic analysis
A 450-bp BamHI-EcoRI fragment containing the Drosophila hsp70 promoter from pUC hsB ~ R (H. Steller) was cloned into the polylinker of pCaSpeR (Pirrotta 1988 ). An EcoRI fragment containing the hid eDNA was then cloned into the EcoRI fragment in the pCaSpeR/hsp70 construct in the sense orientation. Orientation was determined using an assymetric restriction site in the hid eDNA. DNA used for transformation was purfied by the Qiagen plasmid purification kit and resuspended at a concentration of 1 mg/ml. Cesium chloride-purified pTr25.Twc {Ka-ress and Rubin 1984) was used as the source of transposase and mixed with the plasmid DNA at a final concentration of 150 ~g/ml. Embryos (3090) were injected, and four independent Cold Spring Harbor Laboratory Press on January 25, 2013 -Published by genesdev.cshlp.org Downloaded from transformed lines were isolated, hs-hid 1 and hs-hid 3 map to the third chromosome and hs-hid 2 and hs-hid 4 map to the X. The X chromosome insertions were independently crossed in to the H99 background. Embryos were collected at 22~ for 4-6 hr from flies of the genotype hs-hid; H99/TM3 Sb. They were aged at 18~ until they were 8-12 hr old and heat shocked in a water bath for 1 hr at 39~ They were allowed to recover for 1 hr at 25~ and then stained with acridine orange as in Abrams et al. {1993} . Untransformed flies were also subjected tO the same heat shock regimen; a few acridine orange-positive cells can be found in untransformed H99 embryos. Excess acridine orange staining was not observed in embryos that were not heat shocked.
To check that the effects observed were specific to hid expression and not to the transformation vector, or the heat shock promoter itself, three other heat shock constructs were tested:
hs-disco (A. Campos and H. Steller, unpubl.) , hs-engrailed {Poole and Komberg 1988), and hs-hedgehog {Tabata and Komberg 1994). These insertions were crossed independently into the H99 background. For these experiments, embryos were collected from flies of the genotype hs-disco or hs-engrailed or hs-hedgehog/+; H99/+ and subjected to the heat shock regimen described above to the hs-hid flies. No acridine orange staining was observed above background levels in flies bearing any of these constructs.
To check for evidence of synergism between hid and rpr, lines were constructed that contained either two copies of hs-hid, two copies of hs-rpr, or one copy of each transgene (two transgenes total). Embryos were collected from these flies and subjected to the heat shock regimen described for the hs-hid experiment except that heat shocks were done at 32~ 33~ and 37~ {in independent experiments). Embryos were stained with acridine orange and scored blind by two independent observers. No significant difference among the samples was observed.
Construction of the pGMR-hid construct, genomic transformation, and phenotypic analysis
A 3.9-kb EcoRI fragment containing the hid cDNA subclone 5A1B was inserted into the EcoRI cloning site of the pGMR vector {Hay et al. 19941 creating pGMR-hid, pGMR-hid and the helper plasmid p~r25.Twc (Karess and Rubin 1984} were purified using the Qiagen plasmid purification kit. For transformation, pGMR-hid and par25.7wc were mixed at a ratio of 10:1 such that the final total DNA concentration was 1 mg/ml, y3M 67c23 embryos {1800} were injected, and one transformed line was isolated in which pGMR-hid maps to the second chromosome.
Scanning electron microscopy was performed on adult flies that were dehydrated through an ethanol series, critical point dried, and coated with gold-palladium.
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